Nickel nitride is synthesised by high temperature ammonolysis of nickel(II) hexamine and tris(ethylenediamine) salts. Its electrochemical characteristics are examined in half cells vs lithium and sodium. Samples with high surface area are found to have significant reversible charge storage capacity in sodium cells and hence to be a promising negative electrode material for sodium-ion batteries.
Introduction
Battery technology has been fundamental to the development of portable electronics over recent years, and the development of green energy technologies and electric vehicles are powerful drivers for further improvement. Lithium-ion batteries provide high energy density and are currently the leading technology to address these energy storage requirements. 1 However, due to the limited reserves and the increasing price of exploitable lithium raw materials 2 , there is a need for alternative competitive battery technologies. Sodium based energy storage devices could provide a high voltage and energy density similar to that achieved with lithium-ion batteries 2 and the abundance and low cost of sodium are a distinct advantage, especially for larger scale devices such as those needed for electric vehicles.
Taking inspiration from lithium-ion batteries, 3 most reports on sodium-ion batteries have used metal intercalating materials in the positive electrodes such as layered transition metal oxide 4, 5 and olivine 6 materials. A number of recent reports show good performance in positive electrode materials for sodium-ion batteries. [7] [8] [9] [10] [11] Cao et al reported a capacity of 128 mAhg −1 in Na 4 Mn 9 O 18 nanowires at a charge/discharge rate of 0.1C (0.1 × theoretical capacity per hour) and 77% capacity retention after 1000 cycles at a rate of 0.5 C. 8 Tepavcevic et al obtained around 250 mAh/g capacity at a cycling rate of 0.08C from nanostructured bilayered V 2 O 5 . 10 Goodenough and co-workers recently reported a prussian blue framework structure with a reversible capacity of around 100 mAh g -1 and no capacity fade in 30 cycles.
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Graphite is widely employed as the negative electrode material for lithium-ion batteries as it can intercalate large amounts of lithium (up to one per C 6 unit) and retains a low potential even with small lithium loadings. It does not intercalate sodium and so cannot be used for sodium-ion batteries, 12 hence the negative electrode is a key challenge for the development of viable sodium ion batteries. Carbon-based materials still dominate the negative electrode literature for sodium-ion batteries. 2, [13] [14] [15] [16] The first successful use of a carbon material, from decomposition of a glucose precursor, was published by Stevens et al. 13 [18] [19] [20] [21] In recent years, conversion reaction mechanisms have been intensively investigated for lithium-ion batteries, 22 and transition metal nitrides are one promising group of materials [23] [24] [25] [26] operating via the general reaction:
The forward (reduction) process in this reaction would occur during charging if the material were in use as a negative electrode, or during discharge (at higher potential) during use as a positive electrode. Nickel nitride (Ni 3 N) has been examined as a negative electrode material via conversion reactions for lithium-ion batteries, and the conversion mechanism in these electrodes was demonstrated by the presence of nickel metal observed by ex-situ diffraction measurements on thin film electrodes. 24 Despite an already high theoretical capacity of 423 mAhg -1 based on the above reaction, nanosized Ni 3 N prepared from decomposition of nickel amide achieved a specific capacity of 1200 mAhg -1 in the first reduction reaction. 27 This capacity is not recovered on oxidation and quickly diminished on subsequent cycling, hence the performance of Ni 3 N is not competitive with other materials. However, negative electrodes for sodium-ion applications are less well developed and performance in a sodiumion environment at the level exhibited by Ni 3 N under lithium-ion conditions would be of interest. This paper describes the behaviour of nanocrystalline Ni 3 N in a sodium-ion battery environment.
Experimental
Nickel nitride was synthesized in two ways:
1) Nickel (II) nitrate hexahydrate (4 g) was dissolved in deionised water (5 Powder X-ray diffraction (PXD) patterns were recorded on a Siemens D5000 diffractometer using monochromatic Cu-K α1 radiation. Thermogravimetric analyses (TGA) used a MettlerToledo TGA/SDTA85le with flowing argon (50 ml/min). The temperature was raised from 25 to 800 °C at 10 °C/min and was held at maximum temperature for 20 or 60 minutes. The morphology was examined by transmission electron microscopy (TEM) on a Hitachi H7000
with an accelerating voltage of 75 kV, using samples prepared by ultrasound dispersion into distilled methanol and dropping onto carbon grids. Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum 100 FTIR with samples prepared as KBr discs. Surface areas were calculated using the Brunauer-Emmett-Teller (BET) method 28 with nitrogen adsorption data collected using a Gemini 2375 Surface Area Analyser. Samples were sent for combustion microanalysis (C, H and N) to Medac Ltd. 
Results and discussion
The synthesis of Ni 3 N from reaction of a nickel hexamine salt with ammonia was previously described by Gajbhiye et al. 29 We found that [Ni(NH 3 and c=4.316(4) Å. 29 Crystallite size was determined from the Lorentzian components of the profile fit 30 to be around 50 nm which is similar to the overall particle size observed in TEM images (Fig. 1) . These images also show that the nano-sized particles are quite aggregated.
Thermogravimetric analysis (TGA) shows that the sample obtained from nickel hexamine nitrate loses approximately 7.8% of its mass in a single sharp mass loss just above 400 °C. Electrochemical charge storage often benefits from smaller particle sizes, which reduce the length of the ion diffusion pathways that need to operate in the particles during charge and discharge. In order to obtain Ni 3 N with a smaller particle size, nickel trisethylenediamine nitrate was also prepared and subjected to ammonolysis reactions. The optimal temperature for these reactions was 360 °C, higher than for Ni 3 N synthesis from [Ni(NH 3 ) 6 ].2NO 3 . These samples always contained a small quantity of nickel metal and this could not be converted to Ni 3 N by applying a lower temperature step. Fig. 2 shows broader peaks in the diffraction pattern than those observed in Fig. 1 . The refined Ni 3 N lattice parameters varied slightly more from literature values, with a=4.5937(4) and c=4.3258(7) Å, and the crystallite size is around 11 nm. TEM images showed aggregated particles of approximately 20 nm size, with the deviation from that observed by diffraction suggesting the presence of some further disorder in the crystal structure of these particles. in the 30 th oxidation. These data are presented more fully in the supplementary information (Fig. S1 ).
Ni 3 N samples were tested for their reduction-oxidation behaviour vs sodium foil using 1M NaPF 6 in EC:DEC (1:1) as the electrolyte. 33 Initially the behaviours of the two types of Ni 3 N prepared in this study were compared with reduction/oxidation rates of 0.5C (211 mAg -1 ).
Most of the oxidation profile is observed below 1. 3 ].2NO 3 -derived material shows that despite the expected conversion mechanism the particle size is still very significant in determining the capacity that can be derived from Ni 3 N. Hence further cycling studies focussed on this smaller particle size material. The loss of current to SEI formation during initial cycles means that consideration of the oxidation process, which is discharge in the context of using Ni 3 N as the negative electrode in a sodium-ion cell, and the Coulombic efficiency (charge passed on discharging/oxidation divided by charge passed on charging/reduction) is as important as the specific capacity. The mechanism of charge storage by Ni 3 N in sodium cells was investigated by recording Xray diffraction data on an assembled Ni 3 N composite electrode, electrochemically reducing it in a sodium half cell to 0.1 mV at a slow scan rate to maximise conversion, and re-recording the diffraction pattern (without air exposure) under identical conditions. In contrast to studies on Ni 3 N thin films cycled vs Li where crystalline Ni was observed, 24 no new peaks were found suggesting that the reduction products were amorphous. Interestly, though, the Ni 3 N peaks were only reduced in magnitude. This suggests that only the surfaces of the Ni3N crystallites is being utilised and hence that still smaller crystallites might result in the availability of greater capacity. It is possible that the reducing capacity on cycling is due to gradual consumption of the Ni 3 N active material, but note that after 20 cycles the specific oxidation capacity at 0.1C (134 mAhg -1 ) is still 32% of the theoretical capacity of 423 mAhg -1 for complete conversion to Ni metal and Na 3 N, and that the intensity of the diffraction features is similar after 1 reduction or 20 reductions. The performance of Ni 3 N as the active material for negative electrodes in sodium-ion cells is comparable with that of many of the best materials currently in the literature. The best capacity after 20 cycles (134 mAhg -1 ) exceeds the capacity of carbon black, for which extended cycling studies were not reported, with charge and discharge over a similar potential range. 14 "Templated carbon" 15 and NaTi 2 (PO 4 ) 3 , 17 both deliver ~120 mAhg -1 over this number of cycles, again with a similar potential range. "Hard carbon" has significantly higher capacity but was initially found to plate sodium during charging, making it unacceptable for use over multiple cycles due to the risk of dendrite formation. 12 A more recent study of hard carbon found it possible to utilise ~220 mAhg -1 of this capacity reversibly (100+ cycles), 2 and a similar performance has been demonstrated in hollow carbon nanowire materials. 16 It is likely that the already promising performance of Ni 3 N might be further improved by reductions in particle size to bring it closer to this performance level, since the diffraction results show incomplete conversion in the present study.
Conclusions
Ni 3 N shows good capacity and cycling characteristics on redox cycling vs sodium, and is a promising negative electrode material for sodium-ion batteries. This performance is competitive with the best nanoparticulate carbon materials.
